Hetero-nanomaterials constructed by plasmonic metals and functional semiconductors show enormous potential in photocatalytic applications, such as water splitting, hydrogen production, CO2 reduction, pollutants treatment. Their photocatalytic performances can be better regulated through adjusting structure, ingredient, and components arrangement. Therefore, the reasonable design and synthesis of metal/semiconductor hetero-nanostructures is of vital significance. In this article, we briefly review the recent progress in efficiently establishing metal/semiconductor nanomaterials for improved photocatalysis. The defined photocatalysts mainly include traditional binary hybrids, ternary multi-metals/semiconductor and metal/multisemiconductors heterojunctions. The underlying physical mechanism for the improved photocatalytic activity of the established photocatalysts are highlighted. At the end of this article, a brief summary and possible future perspectives for further development in this field are demonstrated.
Recent Progress in Constructing Plasmonic
Metal/Semiconductor Hetero-nanostructures for Improved Photocatalysis Liang 
Introduction
The increasing energy crisis and environmental pollution are common problems faced by the world in the twenty-first century, the whole world is seeking ways to ease these issues. As a sustainable and clean way to convert solar energy, semiconductorbased photocatalysis has been intensely investigated and widely used in energy store and pollutant treatment. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Since Fujishima and Honda firstly applied TiO2 electrode to electrochemical water splitting under ultraviolet light irradiation in 1972 [11] , large amounts of semiconductor materials have been extensively explored for photocatalytic applications, such as organic degradation, hydrogen production, CO2 reduction. [12] [13] [14] [15] [16] [17] [18] . In the case of photocatalytic process, semiconductor can absorb sunlight when the energy of the incident photons is equal or larger than its band gap.
However, the commonly used semiconductors often have wide band gaps, indicating that they can only be excited by ultraviolet light [19] [20] . As the semiconductor is excited by incident light, the formation of photogenerated electron-hole pairs occurs.
While, the fast the recombination of electron-hole pairs in semiconductor plays a negative role on the photocatalytic reaction. Therefore, to optimize the photocatalytic activity of semiconductor, the development of new strategies to expand the light response region and speed up the separation rate of electron-hole pairs is necessary.
Over the past two decades, metal nanocrystals have attracted intense research attention due to their extraordinary physical and chemical characteristics [21] [22] [23] . The most fascinating property of metal nanocrystals is their plasmonic optical peculiarity.
Plasmon resonance of metal nanomaterials refers to the collective oscillations lightexcited free charges, which can endow metal nanocrystals with strong light absorption and scattering cross-sections [24] [25] [26] [27] [28] [29] [30] . Furthermore, the localized surface plasmon resonance excitation of a metal nanoparticle can induce strong local electromagnetic field. Moreover, upon resonant excitation, plasmonic metal nanocrystals interact strongly with light, the oscillation of free electrons quickly dephase and lead to the generation of energetic hot electrons and holes. Only certain metal nanocrystals, such as Au, Ag, Cu, Al, possess noticeable surface plasmon resonance [31] [32] [33] [34] . The plasmon resonance of these metal nanomaterials can be easily adjusted through varying the sizes and morphologies, which could across the entire visible spectrum [35] [36] [37] [38] [39] [40] . With these characters, the plasmonic metals deservedly display great promises for the effective solar energy conversion in photocatalytic reaction.
Incorporating plasmonic metal nanocrystals with semiconductor photocatalysts to form metal/semiconductor hybrid nanostructures is a potential way to enhance the light absorption, charge generation and separation in the photocatalytic process. Great efforts have been applied to construct various metal/semiconductors hybrids with excellent photocatalytic performance [41] [42] [43] [44] [45] . In present article, we give a brief review about the recent efforts in efficient preparation of metal/semiconductor nanomaterials for improved photocatalytic applications. The defined photocatalysts are mainly centralized in traditional binary hybrids, ternary multi-metals/semiconductor and metal/multi-semiconductors heterojunctions. The underlying physical mechanism (including plasmon coupling of multi-metals, co-catalytic effect of functional metals, plasmon-mediated Z-scheme and p-n heterojunctions of multi-semiconductors) for the efficiently improved photocatalysis of metal/semiconductor heterojunctions are highlighted. In the end, a brief summary and discussion on the future challenges in the area of metal/semiconductor photocatalysis are demonstrated.
Binary Metal/Semiconductor Hybrids for Enhanced Photocatalysis
Binary photocatalysts constructed by one plasmonic metal and one semiconductor are the most frequently studied. In metal/semiconductor heterojunction, plasmon can modulate photocatalysis mainly through the following characteristics: 1) strong light absorption and scattering; 2) large local electromagnetic field; 3) abundant hot electrons generation [46] [47] [48] [49] [50] . Thus, in the photocatalytic process, plasmon could promote the redox reaction via following pathways: enlarging light trapping, speeding charge separation, plasmon-induced energy transfer, and hot electron injection [51] [52] [53] [54] [55] . Since the optical and photocatalytic performances of metal/semiconductor hybrids are highly depended on their morphologies and structures, the design of hetero-nanostructure is very important. In this section, we mainly focus on the recent progress about the structural adjustment of binary metal/semiconductor photocatalysts. Traditional coreshell, yolk-shell and anisotropic morphologies are highlighted. The underlying enhanced mechanism for photocatalysis of the classified nanostructures is demonstrated.
Typical core-shell structural motif of metal/semiconductors has special advantages for photocatalytic reaction, such as maximizing the active interface and protecting the core metal [56] [57] [58] [59] [60] [61] . Recently, Zhang and his co-workers reported the preparation of high-quality Au@CdS core-shell hybrids with atomically organized interfaces [62] . As shown in Figure 1 a Apart from core-shell nanostructures, metal-semiconductor yolk-shell nanostructure also benefits for photocatalysis. The unique void between metal and semiconductor could efficiently improve light trapping and accelerate plasmon-induced resonant energy transfer [63] [64] [65] [66] . For example, Han and co-workers reported a yolk-shell nanostructure consisting of plasmonic Au nanorod yolk and CdS shell [67] . The synthetic route was shown in Figure 2a , the most important point in the process was the action exchange. The identified yolk-shell structure of Au/CdS was given in Figure 2b .
The prepared Au-CdS yolk-shell hybrids exhibited significantly enhanced activity for photocatalytic hydrogen evolution under visible light (λ > 400nm) irradiation in comparison to CdS hollow nanoparticles, Au@CdS core-shell nanostructures (see Figure 2c ). The synergism between multiple photon reflections rendered by the yolkshell structure and the radiative relaxation of plasmon energy were thought to be the promotional effect for the photocatalysis, which were proposed in Figure 2d . In addition, anisotropic binary metal/semiconductor hybrids have unique merits for photocatalytic reaction. By selective growing semiconductor shells on the surface of metal nanocrystals, the processes of electron injection and energy transfer can be prominently accelerated [68] [69] [70] . In 2016, Stucky's group prepared an anisotropic Au/TiO2 nanodumbbell, which the TiO2 nanoshells was spatially grown at the two ends of Au nanorod (see Figure 3a ) [71] . Through testing the hydrogen production by evaluating the photocatalytic degradation of methanol, the designed Au/TiO2 shown best photocatalytic activity (see Figure 3b ). As proposed in Figure 3c , for the nanodumbbells, the oxidation pathway occurs on their side surface, when lateral side of Au can be directly exposed to electron donors. With Au partially exposed, Au could generate a concentrated electromagnetic field that focus energy flux around the semiconductor, and thus enhancing hot-electron generation and photocatalytic activity.
Similarly, Han and co-workers reported a rational synthesis strategy for the realization of plasmonic metal-semiconductor heteronanocrystals with intended configurations through the site-selective overgrowth of semiconductor Cu2O on desired sites of anisotropic Au nanocrystals [72] . The morphology characterization in Figure   3d clearly shown that the Cu2O were grown on the vertices of hexoctahedral Au (Auvertex-Cu2O). The Auvertex-Cu2O exhibited outstanding photocatalytic activity for hydrogen production relative to the other nanostructures. A series of experiments (including adding insulating layer and theoretical simulation) indicated that the efficient charge separation by strong plasmon excitation, subsequent sustainable hot electron transfer and plasmon energy transfer process (1 and 2 labeled in Figure 3f ) were responsible for the enhanced photocatalytic activity. 
Plasmon Coupling, Co-Catalytic Effect, and Components

Arrangement in Ternary Multi-Metals/Semiconductor Catalysts
Integrating one metal nanocrystal with binary metal/semiconductor to form ternary hetero-nanostructure could dramatically improve the photocatalytic activity due to the synergistic effect between the three nano-spaced components [73] [74] . The introduced metals could be a plasmonic donor or functional catalyst. In that way, the synergistic effect includes plasmon coupling and co-catalytic effect. Furthermore, the arrangements of the three different components also influence the whole photocatalytic performance. In this section, we focus on the progress achieving in constructing ternary multi-metals/semiconductor photocatalysts. The excellent photocatalytic performances of defined nanomaterials and underlying physical mechanism are highlighted.
The plasmon coupling between two metals could generate excellent optical properties. The strong coupling induced broad resonance region can largely enhance the light trapping [75] [76] . Simultaneously, the coupled local electric field can efficiently accelerate the hot electron generation and suppress the recombination of electron-hole pairs [77] [78] . Recently, Huang and co-workers used Au-Ag bimetallic nanoparticles to modify ZnO nanorods via simple photo-deposition procedure (see Figure 4a ) [79] . The photocatalytic tests indicated that ZnO co-decorated by 0.8 wt% Au-Ag exhibited best photocatalytic ethylene-oxidation activity. The possible mechanism of the excitation of surface plasmon and electron transfer process was shown in Figure 4b , the cooperative action of plasmonic Au-Ag alloys induced large visible-light absorption and efficient carrier separation were thought to be the enhanced factor.
Besides, Kamimura et. al synthesized (core@shell)@shell ((Au@Ag)@Au) nanoparticles by a multistep citrate reduction method for utilization as photosensitizers of TiO2 (see Figure 4c ) [80] . They confirmed that (Au@Ag)@Au/TiO2 could oxidize 2-propanol into acetone and CO2 under visible light irradiation, and its acetone evolution rate was approximately 15-times higher than that of Au/TiO2. They proposed that the excited electrons in the (Au@Ag)@Au were injected into the conduction band of rutile TiO2, and then the electron-deficient (Au@Ag)@Au could oxidize 2-propanol into acetone and CO2. As a functional metal, Pt nanocrystal is an ideal catalyst for oxygen reduction reaction due to its suitable Fermi level and excellent ability for trapping electrons [81] [82] [83] . Pt nanocrystal is commonly used as effective co-catalyst and active site. It can be decorated onto the surface of a semiconductor for improved photocatalysis. Combine Pt with plasmonic metal/semiconductor hetero-nanostructures can extremely boost the redox reaction [84] [85] [86] . In 2015, Moskovits' group fabricated a device including both Au nanorod, TiO2 and Pt to achieve panchromatic photoproduction of hydrogen [87] .
Firstly, Au nanorods were dropped cast on quartz slides forming a dense layer with panchromatic absorption. Then TiO2 film was deposited and acted as a hot electron filter, and Pt nanoparticles were capped functioning as the hydrogen evolution catalyst (see Figure 5a ). The photocatalytic results revealed that the sample with Au nanorods of aspect ratio 1.4 and 3.0 shown highest photocatalytic activity for hydrogen production. The arrangement of components in multi-metals/semiconductor heterojunction has a great influence on their final photocatalytic performance. Properly optimizing the structural configuration could increase the utilization efficiency of plasmon-induced hot electrons [88] [89] [90] . Meanwhile, abundant pathway of electron transfer can speed the separation of electron-hole pairs. Our previous work had certified the important role of structural arrangement for improving the photocatalytic activity [91] . We prepared an Au-Pt-CdS hetero-nanostructure, in which each component of Au, Pt, and CdS had direct contact with other two materials; Pt was on the tips and a CdS layer along the sides of an Au nanotriangle (see Figure 6a) . The photocatalytic testing indicated that Au-Pt-CdS hybrids exhibited excellent photocatalytic activity for hydrogen production.
Through testing the ultrafast time-resolved transient absorption (see Figure 6c) , the multipathway electron-transfer processed in Au-Pt-CdS hybrids could be attested, which were illustrated in Figure 6d . The intimate and multi-interface contact between components generated multiple effective electron-transfer pathways (Au to CdS, Au to Pt, and CdS to Pt) for maximal utilization of photoexcited charges. Similar nanostructure was reported by Dong and co-workers [92] . They synthesized a ternary plasmonic photocatalyst, which featured an Au nanorod with tipped Pt nanoparticles and sided CdS nanoshells. The as-prepared Au-Pt-CdS possessed efficient UV-Vis-NIR-driven plasmonic photoactivity for hydrogen generation. The rational arrangement of the components in Au-Pt-CdS induced to plasmonic resonance energy transfer and hot electron transfer were thought be responsible for the outstanding photocatalytic activity. 
Plasmon-Mediated Heterojunctions Photocatalysis in Ternary
Metal/Multi-Semiconductors Hetero-Nanostructures
Properly engineered semiconductor heterojunction photocatalysts are proved to show higher photocatalytic activity because of spatial separation of photo-generated electronhole pairs. The direct Z-scheme and p-n heterojunctions are the most frequently studied due to their distinct advantages for charge migration [93] [94] [95] [96] . By introduction of plasmonic metal with these junctions, the separation of electron-hole pairs could be observably expedited. In this section, we briefly review the recent works centered on plasmon-modified Z-scheme and p-n heterojunctions for efficient photocatalysis.
The Z-scheme photocatalytic concept was proposed by Bard et al. in 1979 in order to maximize the redox potential of the semiconductor heterojunction [97] . Several advantages have been obtained for Z-scheme configuration, such as effective charge separation, high reduction and oxidation power, more participant photocatalysts [98] [99] [100] . By introduce of plasmonic metals into this system, the high concentration of hot unique Au/TiO2/WO3 heterojunction photocatalyst for hydrogen production by a facile electrospinning technique and subsequent annealing in air [103] . In this system, plasmonic Au nanoparticles were combined with Z-scheme TiO2/WO3 heterojunctions (see Figure 9a-g ). The hydrogen production rate of the as-prepared composite was greatly enhanced compared with pure TiO2 (S0) and TiO2/WO3 (S1) (see Figure 9 h and i). In the catalytic reaction, WO3 and Au acted as hole and electron collector, respectively. The connection of plasmonic effect and Z-scheme configuration further promoted charge separation and absorption of visible light. The synergistic effect of Schottky and plasmonic effect were thought to improve the performance of photocatalytic hydrogen production. Meanwhile, Tang and co-workers reported a plasmon-excited dual Z-scheme system in ternary BiVO4/Ag/Cu2O nanocomposite [104] . Specifically, the nanocomposite had been synthesized via simple wet impregnation of Cu2O particles coupled with a subsequent photo-reduction pathway for the deposition of metallic Ag on the surface of BiVO4. The specific morphology of BiVO4/Ag/Cu2O was shown in The p-n heterojunction photocatalyst concept was proposed to accelerate the electron-hole migration across the heterojunction by providing an additional electric field [105] [106] [107] . Generally, an effective p-n heterojunction photocatalyst can be obtained by combining p-type and n-type semiconductors. When the p-type and n-type semiconductors are irradiated by incident light with an energy equal to or higher than 
Conclusion and outlook
In recent years, the researches focused on plasmon-mediated photocatalysis of hetero-nanomaterials have been steadily expanding, the progress mentioned in this article is only a drop in the bucket. In this article, we present a concise appraisal of the In brief, we have reviewed the recent progress in constructing of 
